Observers are often unaware of changes in their visual environment when attention is not focused at the location of the change [1] [2] [3] [4] . Because of its rather intriguing nature, this phenomenon, known as change blindness, has been extensively studied with psychophysics [5] [6] [7] as well as with fMRI [8] [9] [10] [11] . However, whether change blindness can be tracked in the activity of single cells is not clear. To explore the neural correlates of change detection and change blindness, we recorded from single neurons in the human medial temporal lobe (MTL) during a change-detection paradigm. The preferred pictures of the visually responsive units elicited significantly higher firing rates on the attended trials when subjects correctly identified a change (change detection) compared to the unattended trials when they missed it (change blindness). On correct trials, the firing activity of individual units allowed us to predict the occurrence of a change, on a trial-by-trial basis, with 67% accuracy. In contrast, this prediction was at chance for incorrect, unattended trials. The firing rates of visually selective MTL cells thus constitute a neural correlate of change detection.
Participants were patients with pharmacologically intractable epilepsy who were implanted with depth electrodes to localize the focus of seizure onset for potentially curative resection. For all patients, the locations of the implanted electrodes were determined solely by clinical criteria [12, 13] . In a total of nine patients, we recorded from 534 units located in the amygdala, entorhinal cortex, parahippocampal gyrus, and hippocampus. During screening sessions, patients were first presented with a large number of images, displayed in isolation at fixation, to ascertain which preferred stimuli elicited a significant response in at least one unit [14] . On the basis of these sessions, in which we found 110 units visually responsive to at least one preferred image, the stimulus set was chosen for the change-detection sessions. Given that a typical change-detection session lasted only 20-30 min because of clinical constraints, we had to choose a subset of 25 preferred images, which elicited responses in 43 units during the screening sessions. Twenty-nine of these units maintained significant visual responses to their preferred stimuli during the change-detection sessions that involved the simultaneous presentation of four images (see the Supplemental Data available online). On the basis of magnetic resonance imaging (MRI) confirmation, six of these units were located in the amygdala, three in the entorhinal cortex, five in the parahippocampal gyrus, and 15 in the hippocampus. Because of the low number of cells recorded in each area, we cannot make conclusive claims about differences in the latencies and firing patterns among the different areas. The remaining 505 units were also analyzed for specific changes in firing activity during the different conditions (correct versus incorrect trials) of the change-detection experiment. For these units, no consistent modulations were observed.
Participants were presented with two stimulus displays for 1 s each, separated by a blank interval of 1.5 s. Each display consisted of four peripherally presented images of celebrities, animals, objects, or landmark buildings. On half the trials, one of the images was replaced by a new image in the second display. Participants were asked to detect changes that occurred between these two displays ( Figure 1A and Supplemental Data). Over the nine patients, the average hit rate was 0.78 6 0.02 (mean 6 standard error of the mean [SEM]), the average false-alarm rate was 0.19 6 0.02, and the average response time in reporting whether a change had occurred was 1.4 6 0.1 s following the offset of the second image. The difference in reaction times between correct (i.e., hits and correct rejections) and incorrect (i.e., false alarms and misses) trials was not significant (p > 0.05).
On any trial in the experiment, only one of the four images shown was a preferred stimulus for the targeted cells. Compatible with monkey electrophysiology reports [15] [16] [17] [18] [19] , the firing activity to preferred stimuli was significantly reduced during the change-detection sessions (stimuli presented with three nonpreferred stimuli) compared to the screening sessions (stimuli appeared in isolation) ( Figure 1C ). This decrease in firing activity could also have been due to the more peripheral stimulus locations in the change-detection sessions compared to the screening sessions. On average, the firing activity was three times lower during change-detection sessions ( Figure S1 ).
In the experiment, there were two different trial types-change and no-change trials. However, for a particular visually responsive neuron, four different trial types could be determined depending on when its preferred stimulus was presented ( Figure 1B) . In ''disappear'' trials, the preferred picture was one of the four images in the first display period and was replaced by a nonpreferred picture in the second period. In ''appear'' trials, the preferred picture was absent in the first and appeared in the second interval. On no-change trials, the preferred picture of the cell was present in both display periods (''both'' trials) or not in either (''none'' trials).
The firing activity of the population of visually responsive cells in these four trial types was compared for correct and incorrect trials (Figure 2A) . In all conditions, during the intervals when the preferred stimuli were present, neuronal responses were significantly higher on correct trials (black trace) compared to incorrect trials (white trace). For example, during ''disappear'' trials, firing rates during the first display presentation, when the preferred stimulus was present, were significantly higher (two-tailed t test, p < 0.0005) on correct versus incorrect trials. Similar results were obtained for the ''appear'' (p < 0.005) and ''both'' trials (p < 0.05) during display intervals when the preferred stimuli were present. These results indicate that on correct trials, the preferred stimuli were represented at the neuronal level more strongly than on the incorrect trials, regardless of the display interval they appeared in. On the other hand, in display periods when the preferred stimuli were absent, no significant difference was observed between correct and incorrect trials (p > 0.05), indicating that the observed results are specific to the selectivity of the neurons and are not due to an increased level of arousal on correct trials.
Interestingly, decreased activity on incorrect trials was also observed during the 1.5-s-long blank interval between the two display periods on ''disappear'' and ''both'' trials (p < 0.05). In both, a preferred stimulus was presented during the first display period, and this delay-period activity might reflect a memory of the stimulus, as has been observed in monkey prefrontal and inferotemporal cortex [20] [21] [22] . Although previous psychophysical studies have suggested that change blindness results from an overwriting of an iconic buffer by the ''change'' stimulus-rather than a failure of sensory memory [23] -our data indicate that at least on some incorrect trials, the encoding of the preferred stimulus was weaker during both stimulation and memory intervals.
The left panel in Figure 2B presents (in a summarized form) the average firing activity in all those intervals of the four trial types when the preferred stimuli were present. These results again indicate that firing rates were significantly higher on correct trials (black trace, mean firing rate = 4.6 6 0.6 Hz) compared to incorrect trials (white trace, 3.4 6 0.5 Hz) when the preferred stimulus was present on the screen (p < 0.0001). These data thus demonstrate neural correlates of change blindness and change detection in the human MTL. Note that although we use the terms ''change detection'' and ''change blindness'' broadly to refer to correct (hits and correct rejections) and incorrect (misses and false alarms) trials, respectively, the same pattern of results was obtained within the stricter definition of change blindness and change detection on change-present trials only (i.e., hits versus misses, p < 0.0001).
The right panel in Figure 2B summarizes the neuronal activity in those intervals when the preferred stimuli were absent. No significant differences in firing rates were observed between correct and incorrect trials (p = 0.2, mean firing rates = 2.3 6 0.4 Hz and 2.2 6 0.4 Hz, respectively), which is expected because only images that drove these cells weakly were presented to subjects.
Similar results were also obtained when each cell was required to contribute equal numbers of correct and incorrect trials to the population averages in each condition. As in Figure 2A , the mean firing activity was significantly higher on correct trials in the ''disappear'' (p = 0.0007), ''appear'' (p = 0.003), and ''both'' (p = 0.01) conditions during the intervals when the preferred stimuli were present. Consistent with the results in Figure 2B , the firing activity averaged over all intervals in which the preferred stimuli were displayed was also significantly greater on correct versus incorrect trials (p = 0.0003), but such an effect was not observed in those time windows when the preferred stimuli were absent (p > 0.05).
How reliably can the activity of a neuron on an individual trial tell us whether or not a change occurred in the stimulus? We addressed this issue quantitatively via a receiver operating characteristic (ROC) analysis [24] that is used to link stimulus information or a subject's behavior with neuronal activity [25] [26] [27] [28] . For each neuron, we determined how well an ideal observer could use the number of spikes fired on individual trials to predict whether or not a change had occurred in the stimulus (see Experimental Procedures). The ROC curves for each cell are shown in Figure 3A . The area under the curves is a measure of the ability of each neuron to estimate whether a change occurred in the stimulus on a trial-by-trial basis (independent of the subject's behavioral report). A value of 0.5 would correspond to chance performance, and a value of 1 would reflect perfect accuracy in signaling a change. The distribution of the areas under the curves across all cells ( Figure 3B ) was centered at 0.64 6 0.02 and was significantly greater than 0.5 (p < 0.0001). The outcome of our ROC analysis is compatible with previous experiments linking stimulus information with firing activity of neurons in the middle temporal area (MT) of the monkey brain [25] , where ROC performance varied between 0.51 and 0.99 depending on the coherence of the motion stimuli.
We next calculated the ROC analysis separately over correct and incorrect trials. The distribution of the area under the ROC curves for the correct trials ( Figures 3C  and 3D ) was centered at 0.67 6 0.02 and was significantly shifted to the right of 0.5 (p < 0.0001). In contrast, the average ROC area computed over incorrect trials ( Figures 3E and 3F ) was significantly lower (0.49 6 0.04; p < 0.005) and was not different from chance (p = 0.95). These results indicate that on trials when subjects correctly reported the presence or absence of a change, the firing of the recorded MTL cells allowed an ideal observer to make this judgment better than chance. On the other hand, when subjects made an error, MTL units did not carry the relevant information. We also studied radius. A delay interval of 1.5 s followed, after which four pictures were again presented at the same locations as previously. On roughly half of the trials, a change occurred and participants had to report whether they had noticed the change after the offset of the second display. (B) From the point of view of a cell selective to a particular stimulus (e.g., Bill Clinton), four different trial types could occur: In the change trials, the picture of Clinton is present in the first display period and absent in the next (''Disappear''), or it is absent in the first and appears in the second (''Appear''). In the no-change trials, the picture is present in both display periods (''Both'') or is absent all together (''None'').
whether the firing activity on individual trials could predict the behavioral report of a change (independent of whether a change was present in the stimulus or not). This analysis is sometimes referred to as ''choice probability'' [26] , and we found that the firing activity of individual cells could register subjects' behavioral report significantly better than chance (58%, p < 0.001; Supplemental Data).
Discussion
Our results demonstrate that for the appearance or disappearance of one out of four images in a changedetection paradigm, the firing activity of MTL single neurons selective to this image was larger during stimulus presentation on correct trials compared to incorrect trials. These data are compatible with recent functional MRI (fMRI) studies reporting that visual areas in the ventral stream are strongly activated during change detection and to a lesser extent during change blindness [8, 9] . These studies have not, however, reported similar effects in the MTL. It is possible that fMRI currently does not have the necessary spatial resolution to examine these effects in the MTL. No spatial topography has been found in the MTL in animal studies. Our singleunit recordings in the human MTL have shown that this region has a sparse representation of familiar faces, scenes, etc. [14] , but in such low numbers that it is possible that fMRI is not sensitive enough to pick these up. These factors conspire against finding significant differences in MTL blood-oxygen-level-dependent (BOLD) activity in a change-detection paradigm.
Previous studies have demonstrated correlates for change detection in early visual areas in monkeys [29] , (C) Comparing visual responses between screening (top panel) and change-detection (bottom panel) sessions. In the screening session, this unit showed a significant increase in firing to its preferred image that was presented foveally and in isolation (p < 0.001). The image appeared at t = 0 and was presented for 1 s. The response of the unit to the same image during the change-detection session is still significantly above baseline (p < 0.0001) but is about half as strong as the response in the screening session (mean firing rate = 3.3 6 0.4 Hz versus 7.62 6 2.0 Hz). During the change-detection experiment, the preferred image was presented peripherally along with three others known to not drive the cell. The mean normalized spike-density function was calculated over the 29 cells in the four trial conditions for correct (hits and correct rejections, black curve) and incorrect (false alarms and misses, white curve) trials. The shaded areas represent the SEM. Note the significantly higher levels of activity on correct trials during all intervals when the preferred stimuli were present (corresponding significance values are presented at the top of each plot). During intervals when the preferred stimuli were not presented, there was no significant difference between correct and incorrect trials (p > 0.05). (B) Population responses averaged over all stimulus intervals when the preferred stimuli were present (left panel) and absent (right panel). The stimulus appeared on the screen at 0 ms and stayed on for 1 s (the length of each display period). The firing rates during the correct trials (black curve) are significantly higher than firing rates during incorrect trials (white curve). On the right, there is no significant difference in firing rates between correct and incorrect trials, which is expected because the preferred stimuli were absent during these intervals. but the present findings constitute the first report of single-neuron correlates of this phenomenon in the human brain. Remarkably, the activity of single neurons allowed us to predict behavioral choices of participants above chance on a trial-by-trial basis (choice-probability analysis, Supplemental Data). It should be noted, however, that the MTL cells are unlikely to be explicitly signaling change detection or blindness. The ROC analyses certainly suggest that these cells carry the relevant information; however, this information is obtained by comparing the two stimulation periods. Neurons other than those reported here would thus be required to compare the activity in these intervals and to directly signal the occurrence of a change.
Attention is believed to play a key role during change detection-in the absence of attention, observers are found to be blind to changes made to objects [7] . With this hypothesis in mind, our findings show that the effect of attention during change detection is to modulate the firing rates of neurons encoding the preferred stimuli, such that activity is higher on correct versus incorrect trials. Note that because we did not measure neuronal activity during passive fixation, it is not possible for us to determine whether the modulations we observe are due to detections of changes or blindness to themin other words, whether the presence of attention strengthened the representation of objects relative to some baseline level, or whether its absence resulted in a weaker encoding. Nevertheless, during change detection and blindness, attention is seen to significantly influence the activity of neurons so much so that the information carried by individual neurons on a trial-by-trial basis can be qualitatively very different. On attended trials, an ideal observer could reliably predict the occurrence of a change on individual trials, whereas on unattended trials both MTL neurons and subjects were ''blind'' to changes. fMRI studies of the human MTL have suggested that these structures are more strongly activated for novel than for familiar stimuli [30, 31] . A recent electrophysiological study likewise showed modulation of MTL singleneuron activity on the basis of the familiarity or novelty of stimuli [32] . Could the effects we observe therefore be related to changes in familiarity or novelty? Given that subjects had equal exposure to all images during the screening sessions, which were conducted prior to the change-detection testing sessions (see Experimental Procedures), our findings cannot easily be attributed to modulation by either novelty or familiarity. Stimulus familiarity was thus comparable for the selected preferred and nonpreferred stimuli, as well as for change-detection and change-blindness trials. Additionally, familiarity and novelty influence neuronal activity only gradually, over the course of several trials in the monkey brain [33] [34] [35] , and even when single-trial modulations are observed in the human brain, their effects are only apparent after approximately 30 min [32] . In our data, we observed no significant effect of repetition on the firing activity of our cells over the course of each experimental session (each session's duration was split into four quarters, and no effect of quarter number on cells' responses was observed; one-way ANOVA, p = 0.22). Thus, it is unlikely that the effects we observe on each trial, within the space of a few seconds, are significantly influenced by changes in familiarity or novelty.
Ever since the initial reports of amnesic patient H.M. [36] , MTL structures have been thought to lie at the core of the declarative-memory system and to function independently of other perceptual and cognitive functions [37, 38] . Recently, however, this view has been challenged by arguments that MTL structures might also participate in visual perception, at least of complex feature conjunctions [39] [40] [41] , or short-term memory [42, 43] . Our results do not directly address this debate: Although the significantly higher delay-period activity on correct trials is suggestive of short-term memory, the responsiveness of our cells can be attributed to either the perception of their preferred stimuli or the memories associated with them. Yet the modulations we observe in the change-blindness paradigm arise from a comparison of correct or incorrect perceptual processing of these stimuli on each trial. Whether these modulations are the cause or the consequence of change blindness or detection cannot be addressed by this paradigm, and this issue remains open to further investigation.
Experimental Procedures Recordings
The data were obtained from 17 sessions in nine patients with pharmacologically intractable epilepsy (eight right-handed, three male, 17 to 47 years old). Extensive noninvasive monitoring did not yield concordant data corresponding to a single resectable epileptogenic focus. Therefore, patients were implanted with chronic depth electrodes for 7-10 days to determine the seizure focus for possible surgical resection [12] . Here we report data from sites in the hippocampus, amygdala, entorhinal cortex, and parahippocampal gyrus. All studies conformed to the guidelines of the Medical Institutional Review Board at UCLA. The electrode locations were based exclusively on clinical criteria and were verified by MRI or by computed tomography (CT) coregistered to preoperative MRI. Each electrode probe had a total of nine microwires at its end, eight active recording channels, and one reference. The differential signal from the microwires was amplified with a 64-channel Neuralynx system (Tucson, Arizona) and filtered between 1 and 9000 Hz. Signals were sampled at 28 kHz. Each recording session lasted about 30 min. Spike detection and sorting was applied to the continuous data with a previously implemented clustering algorithm [14, 44] .
Statistical Analysis
In the comparison between firing activity on correct versus incorrect trials, significance values were computed by using a two-tailed t test. Neuronal activity was integrated over a 1 s interval for the periods when the preferred stimuli were present (starting at 300 ms to take into account the latency in responses). For the analysis involving the blank interstimulus interval (ISI), a one-tailed t test was computed over activity in the delay interval.
ROC Analysis
For each neuron that we recorded from, we determined how well an ideal observer could use the firing rate on individual trials to predict whether or not a change had occurred by computing a ROC analysis [24] . On each trial, we computed the absolute difference between the firing activity in the two display intervals and used a sliding threshold to determine the probability of false alarms (P FA ) and the probability of correct detections (P CD ) [45] . Correct detections (the ''hits'' for the ROC analysis) correspond to the probability P (cell indicating change occurred | change occurred) and false alarms correspond to P (cell indicating change occurred | no change occurred). Several time intervals were considered for this analysis: 300-700 ms, 300-1000 ms, 300-1500 ms, 300-2000 ms, and 300-2500 ms (aligned to the onset of each display period). For all calculations, the best ROC performance was observed in the 300-1500 ms window ( Figure S3 ). For each integer value of the threshold T, a difference greater than T in the spike number between the two display periods means that the neuron signaled that a change had occurred on that trial. Depending on whether a change had actually occurred or not, this signal counts either as a ''correct detection'' or a ''false alarm.'' These values were computed for all trials together, as well as separately for correct and incorrect trials.
We estimated statistical significance of the ROC analysis by comparing the distribution of areas under the ROC curves with chance performance (0.5) by using a two-tailed t test (p < 0.05). 
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